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Modulation by CAMP of a Slowly Activating Potassium Channel 
Expressed in Xenopus Oocytes 
Edward M. Blumenthal1 and Leonard K. Kaczmarek’v’ 
‘Interdepartmental Neuroscience Program and 2Departments of Pharmacology and Cellular and Molecular Physiology, 
Yale University School of Medicine, New Haven, Connecticut 06510 
When expressed in the Xenopus oocyte, the minK protein 
induces a slowly activating voltage-dependent potassium 
current (I,,). We studied the modulation of this current by 
altering intracellular CAMP levels and found that the ampli- 
tude of Irk is dramatically increased by treatments that raise 
CAMP levels and decreased by agents that lower CAMP lev- 
els. Preinjection of a protein inhibitor of the CAMP-dependent 
protein kinase blocked the effects of increased CAMP levels. 
There were no changes in the voltage dependence or ki- 
netics of /,,. Mutations that eliminate a potential phosphor- 
ylation site on the minK protein did not block the effects of 
activating the kinase. In addition, the membrane capacitance 
of the oocyte increased and decreased in parallel with /SW. 
Our results fit a mechanism in which channel proteins are 
selectively inserted into and removed from the plasma mem- 
brane in response to changes in kinase activity. 
Potassium channels play an important role in determining the 
firing pattern and the shape of action potentials in neurons and 
other excitable cells (Cook, 1990). In recent years, the genes 
coding for a number of different voltage-dependent potassium 
channels have been isolated. With one exception, the minK 
(minimal IS) gene, all of the genes belong to the same extended 
family, which also includes the major subunits of the voltage- 
dependent sodium and calcium channels (for reviews, see Jan 
and Jan, 1990; Kaczmarek, 199 1). The predicted structures of 
the proteins encoded by these genes are organized into domains 
containing six proposed membrane-spanning helices and a num- 
ber of other highly conserved motifs. In contrast, the minK 
protein contains only 130 amino acids and one proposed hy- 
drophobic transmembrane helix and has no homology with the 
other cloned ion channels (Takumi et al., 1988). 
mRNA for the minK protein is expressed in a variety of 
tissues including estrogen-primed uterus, heart, and kidney 
proximal tubule (Folander et al., 1990; Pragnell et al., 1990; 
Sugimoto et al., 1990). When expressed in the oocytes of the 
clawed frog Xenopus laevis, RNA from minK-expressing tissue 
or from the cloned gene induces a voltage-dependent potassium 
current (Zsr) that activates slowly over many seconds (Boyle et 
al., 1987; Takumi et al., 1988). 
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The physiological role of the minK channel is not yet known, 
and speculations on its function are based solely upon its lo- 
calization. Investigation of the factors that regulate ZSt may 
therefore help to clarify the role of the minK protein in situ. 
We have now investigated the modulation of Zsk by the CAMP- 
dependent protein kinase (PKA). Modulation by second mes- 
sengers has been described for a number of different classes of 
potassium currents in their native cellular environment (Kacz- 
marek and Levitan, 1987). The Xenopus oocyte expression sys- 
tem is well suited for the study of such regulation since one can 
record currents caused by a single species of injected RNA (Das- 
cal, 1987). Despite this, there has been only one recent report 
of the modulation of a cloned potassium channel expressed in 
oocytes (Hoger et al., 1991), and no studies of regulation by 
PKA. We now report that, despite the lack of any consensus 
phosphorylation sites on the minK protein, the current is dra- 
matically modulated by changes in PKA activity. 
Materials and Methods 
In vitro transcription. The rat minKclone (Takumi et al., 1988; Pragnell 
et al., 1990) was in pGEM2 and was linearized with Hind111 (Promega 
or Boehringer Mannheim). KJ and the human minK mutants (a gift of 
Dr. R. Swanson, Merck, Sharp and Dohme) were in pGEM-A [Swanson 
et al., 1990; a pGEM-9zf(-) vector with a built-in polyA tail] and were 
linearized with Not I (Promega or Boehringer Mannheim). Run-offtran- 
scripts were prepared in a reaction containing linearized template, re- 
action buffer (Promega), dithiothreitol (Promega; 10 mr& rNTPs (Pro- 
mega; 500 PM each), RNasin (Promega; 1.5 U/d), mG(S’)ppp(S’)Gm 
(Pharmacia; 100 PM), and RNA polymerase [SP6 (Promega) or T7 (gift 
of Dr. T. Steitz. Yale Universitv)l. The temolate was then digested with 
DNase (Promega), and the RNAwas purifikd by multiple eihanol pre- 
cipitations and dissolved in diethyl pyrocarbonate treated sterile water 
at either 0.2 mg/ml (yl) or 0.05 mg/ml (others). The RNA was stored 
in small aliquots at -70°C. 
Oocyte isolation and injection. Adult female Xenopus laevis (Nasco, 
Ft. Atkinson, WI) were anesthetized in ice-cold 0.2% 3-aminobenzoic 
acid ethyl ester (Sigma). Ovarian lobes were removed through a slit in 
the abdominal wall, which was then sutured. Animals were not operated 
on more than once in any 2 week period and were occasionally injected 
with 500 U gonadotrophin (Sigma) and left for at least 4 weeks to 
regenerate oocytes. The oocytes were separated by incubation at room 
temperature for 1.5-3 hr with 2 mg/ml collagenase (Boehringer Mann- 
heim) in calcium-free Ringer’s solution [88 mM NaCl, 1 mM KCl, 2.4 
mM NaHCO,, 0.8 mM MgSO,, 15 mM HEPES pH 7.6 (NaOH)]. Fol- 
lowing collagenase treatment, large healthy stage V and VI oocytes 
(Dumont, 1972) were transferred into OR, [50% L- 15 (GIBCO), 15 mM 
HEPES pH 7.6, 50 &ml gentamycin (Sigma)]. After sitting at room 
temperature for 2-l 8 hr to overnight, the oocytes were injected with 50 
nl of RNA. The oocytes were incubated in OR, at 19°C for 3 d and then 
moved to 14°C. Electrophysiology was always performed at least 3 d 
after RNA injection. 
For kinase inhibitor injection, oocytes were injected with 50 nl of a 
buffer containing 5 mM 2-(N-morpholino)-ethanesulfonic acid (MES) 
(CalBiochem; pH 7.0) and 1 mg/ml BSA (Sigma) with or without the 
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hen expressed in the Xenopus oocyte, the minK protein 
induces a slowly activating voltage-dependent potassium 
current (10k)' We studied the modulation of this current by 
altering intracellular cAMP levels and found that the ampli-
tude of 10k is dramatically increased by treatments that raise 
cAMP levels and decreased by agents that lower cAMP lev-
els. Preinjection of a protein inhibitor of the cAMP-dependent 
protein kinase blocked the effects of increased cAMP levels. 
There were no changes in the voltage dependence or ki-
netics of 19k , Mutations that eliminate a potential phosphor-
ylation site on the minK protein did not block the effects of 
activating the kinase. In addition, the membrane capacitance 
of the oocyte increased and decreased in parallel with 18k , 
Our results fit a mechanism in which channel proteins are 
selectively inserted into and removed from the plasma mem-
brane in response to changes in kinase activity. 
Potassium channels play an important role in determining the 
firing pattern and the shape of action potentials in neurons and 
other excitable cells (Cook, 1990). In recent years, the genes 
coding for a number of different voltage-dependent potassium 
channels have been isolated. With one exception, the minK 
(minimal K) gene, all of the genes belong to the same extended 
family, which also includes the major subunits of the voltage-
dependent sodium and calcium channels (for reviews, see Jan 
and Jan, 1990; Kaczmarek, 1991). The predicted structures of 
the proteins encoded by these genes are organized into domains 
containing six proposed membrane-spanning helices and a num-
ber of other highly conserved motifs. In contrast, the minK 
protein contains only 130 amino acids and one proposed hy-
drophobic transmembrane helix and has no homology with the 
other cloned ion channels (Takumi et aI., 1988). 
mRNA for the minK protein is expressed in a variety of 
tissues including estrogen-primed uterus, heart, and kidney 
proximal tubule (Folander et aI., 1990; Pragnell et aI., 1990; 
Sugimoto et aI., 1990). When expressed in the oocytes of the 
clawed frog Xenopus laevis, RNA from minK-expressing tissue 
or from the cloned gene induces a voltage-dependent potassium 
current (I'k) that activates slowly over many seconds (Boyle et 
aI., 1987; Takumi et aI., 1988). 
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The physiological role of the minK channel is not yet known, 
and speculations on its function are based solely upon its lo-
calization. Investigation of the factors that regulate l'k may 
therefore help to clarify the role of the minK protein in situ. 
We have now investigated the modulation of l,k by the cAMP-
dependent protein kinase (PKA). Modulation by second mes-
sengers has been described for a number of different classes of 
potassium currents in their native cellular environment (Kacz-
marek and Levitan, 1987). The Xenopus oocyte expression sys-
tem is well suited for the study of such regulation since one can 
record currents caused by a single species ofinjected RNA (Das-
cal, 1987). Despite this, there has been only one recent report 
of the modulation of a cloned potassium channel expressed in 
oocytes (Hoger et aI., 1991), and no studies of regulation by 
PKA. We now report that, despite the lack of any consensus 
phosphorylation sites on the minK protein, the current is dra-
matically modulated by changes in PKA activity. 
Materials and Methods 
In vitro transcription. The rat minK clone (Takumi et aI., 1988; Pragnell 
et aI., 1990) was in pGEM2 and was linearized with HindIII (Promega 
or Boehringer Mannheim). K,i and the human minK mutants (a gift of 
Dr. R. Swanson, Merck, Sharp and Dohme) were in pGEM-A [Swanson 
et aI., 1990; a pGEM-9zf( -) vector with a built-in polyA tail] and were 
linearized with Not I (Promega or Boehringer Mannheim). Run-offtran-
scripts were prepared in a reaction containing linearized template, re-
action buffer (Promega), dithiothreitol (Promcga; 10 mM), rNTPs (Pro-
mega; 500 ILM each), RNasin (Promega; 1.5 UIILI), mG(5')ppp(5')Gm 
(Pharmacia; 100 ILM), and RNA polymerase [SP6 (Promega) or T7 (gift 
of Dr. T. Steitz, Yale University)]. The template was then digested with 
DNase (Promega), and the RNA was purified by multiple ethanol pre-
cipitations and dissolved in diethyl pyrocarbonate treated sterile water 
at either 0.2 mg/ml (I<.,J) or 0.05 mg/ml (others). The RNA was stored 
in small aliquots at -70°C. 
Oocyte isolation and injection. Adult female Xenopus laevis (Nasco, 
Ft. Atkinson, WI) were anesthetized in ice-cold 0.2% 3-aminobenzoic 
acid ethyl ester (Sigma). Ovarian lobes were re oved through a slit in 
the abdominal wall, which was then sutured. Animals were not operated 
on more than ce in any 2 week period and were occasionally injected 
with 500 U gonadotrophin (Sigma) and left for at le st 4 weeks to 
regenerat  oocytes. The oocytes were separated by incubation at room 
t perature for 1.5-3 hr with 2 mg/ml collagenase (Boehringer Mann-
heim) in calcium-free Ringer's solution [88 mM NaC!, 1 mM KCl, 2.4 
mM NaHC03, 0.8 mM MgSO., 15 mM HEPES pH 7.6 (NaOH)]. Fol-
lowing collagenas  tre tm nt, large healthy stage V and VI oocytes 
(Dumont, 1972) were transferred into OR) [50% L-15 (GIBCO), 15 mM 
HEPES pH 7.6, 50 ILg/ml gentamycin (Sigma)]. Aft r sitting at room 
temperature for 2-18 hr to overnight, the oocytes were injected wit  50 
nl of RNA. The oocy es were incubated in OR3 at 19°C for 3 d and then 
moved to 14°C. Electrophysiology was always performed at least 3 d 
after RNA injection. 
For ki ase inhibitor injection, oocytes wer  injected with 50 nl of a 
buffer containing 5 mM 2-(N-morpholino)-ethanesulfonic acid (MES) 
(CalBiochem; pH 7.0) and I mg/ml BSA (Sigma) with or without the 
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kinase inhibitor (Walsh et al., 1971; gift of Dr. A. Naim, Rockefeller 
University) at 1.6 mg/ml. See Results for further details. 
Electrophysiology. Oocyte membrane currents were recorded using 
standard two-electrode voltage-clamp procedures with a World Preci- 
sion Instruments S-7100 voltage clamp controlled by a PDP-1 l/24 
computer (Indec). The recording and analysis software was a modified 
version of ~CLAMP (Indec). Electrodes were filled with 3 M KC1 and had 
resistances of 0.2-1.5 MQ. The current signal was filtered at 500 Hz, 
the time invariant leak current was subtracted, and both current and 
voltage records were digitized and stored on disk. 
The recording solution was designed to minimize endogenous chlo- 
ride currents (B&h, 1983; Boyle et al., 1987) and contained (in mM) 
96 Na-asnartate. 2 K-asnartate. 0.5 CaCl,. 5 M&l,. and 5 HEPES DH 
7.6 (Na6H). During I,; recording, the oocytes w&e briefly perfused 
before each pulse, as this seemed to give more consistent currents. All 
measurements of current were determined as the average of five pulses 
delivered every 15 sec. Except where noted, the holding potential was 
-50 mV, command pulse was to 50 mV for 1.5 set, and currents were 
measured at the beginning of the tail current immediately following 
repolarization. 
Membrane capacitance was measured by delivering a series of hy- 
perpolarizing sawtooth voltage pulses, subtracting the estimated resis- 
tive current, and measuring the magnitude of the remaining capacitive 
current. 
8-Br-CAMP (Sigma) was dissolved in recording solution at 1 mM. 
Progesterone (Sigma) was stored as a 1 mM stock in ethanol at -20°C 
and was diluted into recording solution immediately before use. For- 
skolin (CalBiochem) was stored as a 50 mM stock in ethanol at 4°C and 
was also diluted immediately before use. 
Results 
Modulation of I, by CAMP 
1-1 kec 
J 1 
Treatments that alter intracellular CAMP levels in the Xenopus 
oocytes change the amplitude of heterologously expressed Zsk. 
We used the membrane-permeable analog 8-Br-CAMP (1 mM) 
to raise the CAMP levels. Zsk amplitude consistently began to 
increase within 3-5 min of drug addition and continued to in- 
crease for the remainder of the experiments (n = 9). The increase 
in current after about 15 min ranged from 16% to 144% (86 f 
53%, *SD). In some oocytes, the current continued to increase 
to levels over fourfold greater than before drug treatment (Fig. 
1A). We found only a weak correlation among the different 
injected oocytes between the final magnitudes of the current 
increase and the durations of 8-Br-CAMP treatment. Treatment 
of uninjected oocytes with 8-Br-CAMP had no consistent effects 
on the small endogenous outward currents (Fig. 1 C). 
C 
I 
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In order to show that 8-Br-CAMP application was mimicking 
a rise in CAMP, we also investigated the effect of forskolin, an 
activator of adenylate cyclase. Forskolin (50 PM) also induced 
a rapid increase in Zsk amplitude in two oocytes (95% and 67%, 
respectively, within 35 min). 
Figure I. Changes in CAMP levels alter the magnitude of Zsk. All current 
traces are averages of five 1.5 set pulses from - 50 to 50 mV. The pulses 
were delivered 15 set apart to allow for complete deactivation of Zst. 
A, Average traces before and 62 min after addition of 1 mM 8-Br-CAMP. 
B, Average traces before and 10 min after addition of 1 PM progesterone. 
C. 8-Br-CAMP does not alter the endogenous currents of an uninjected 
oocyte. Average traces are before and 17 min after 1 mM 8-Br-CAMP. 
The steroid hormone progesterone is the physiological trigger of Zssk, such an isochronic plot could be sensitive to alterations 
for meiotic maturation of Xenopus oocytes (reviewed in Maller, in the activation kinetics. Nevertheless, there was no change in 
1985). It has been shown to cause a transient decrease in intra- the voltage dependence following 8-Br-CAMP application. We 
cellular CAMP levels (Cicirelli and Smith, 1985). We therefore also found no change in the reversal potential of the tail currents 
studied the effect of 1 PM progesterone on the amplitude of Zsk. (-92 to -96 mV; n = 3; data not shown), indicating that there 
Consistent with its effects on CAMP levels, progesterone caused was no change in the selectivity of the current. Finally, we ob- 
a decrease in Z,, (Fig. 1B). This effect began within 3 min and served no consistent change in ZsI, kinetics following any of the 
reached a maximum reduction of 43 + 9% (n = 6) 17-82 min drug treatments. Thus, the effects of CAMP appeared to be strict- 
after drug application. ly confined to current amplitude. 
A change in the amplitude of a current may result from a shift 
in the voltage dependence of the channels or, in the case of a 
very slowly activating current, a change in the kinetics of acti- 
vation. We therefore analyzed these parameters for the action 
of 8-Br-CAMP on Zsk. Figure 2 shows plots of normalized current 
amplitude, measured at the end of a 1.5 set command pulse, 
as a function of command potential. Due to the slow kinetics 
Efects on capacitance 
In addition to the changes in Zsk, we also observed changes in 
the capacitance of the oocyte plasma membrane (CL’,) in response 
to changes in CAMP levels. The membrane capacitance of Xen- 
opus oocytes, which is a function of total surface area of the 
plasma membrane, is known to decrease in response to phorbol 
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c uter (Indec). e rec r ing a  a al sis s ftware as a ifie  
version ofbcLAMP (Indec). lectrodes ere filled ith 3  I and had 
resistances of 0.2-1.5 n. he current signal as filtered at 500 z, 
the ti e invariant leak current as subtracted, and both current and 
voltage records ere digitized and stored on disk. 
The recording solution as designed to ini ize endogenous chlo-
ride currents (Barish, 1983; Boyle et aI., 1987) and contained (in m ) 
96 Na-aspartate, 2 K-aspartate, 0.5 CaCI2, 5 gCI2, and 5 HEPES pH 
7.6 (NaOH). During ISk recording, the oocytes were briefly perfused 
before each pulse, as this see ed to give ore consistent currents. All 
measurements of current were determined as the average of five pulses 
delivered every 15 sec. Except where noted, the holding potential was 
-50 mY, command pulse was to 50 mV for 1.5 sec, and currents were 
measured at the beginning of the tail current immediately following 
repolarization. 
Membrane capacitance was measured by delivering a series of hy-
perpolarizing sawtooth voltage pulses, subtracting the estimated resis-
tive current, and measuring the magnitude of the remaining capacitive 
current. 
8-Br-cAMP (Sigma) was dissolved in recording solution at I mM. 
Progesterone (Sigma) was stored as a 1 mM stock in ethanol at - 20°C 
and was diluted into recording solution immediately before use. For-
skolin (CalBiochem) was stored as a 50 mM stock in ethanol at 4°C and 
was also diluted immediately before use. 
Results 
Modulation ofIsk by cAMP 
Treatments that alter intracellular cAMP levels in the Xenopus 
oocytes change the amplitude of heterologously expressed I sk ' 
We used the membrane-permeable analog 8-Br-cAMP (1 mM) 
to raise the cAMP levels. ISk amplitude consistently began to 
increase within 3-5 min of drug addition and continued to in-
crease for the remainder of the experiments (n = 9). The increase 
in current after about 15 min ranged from 16% to 144% (86 ± 
53%, ±SD). In some oocytes, the current continued to increase 
to levels over fourfold greater than before drug treatment (Fig. 
1A). We found only a weak correlation among the different 
injected oocytes between the final magnitudes of the current 
increase and the durations of8-Br-cAMP treatment. Treatment 
of un injected oocytes with 8-Br-cAMP had no consistent effects 
on the small endogenous outward currents (Fig. 1 C). 
In order to show that 8-Br-cAMP application was mimicking 
a rise in cAMP, we also investigated the effect of forskolin, an 
activator of adenylate cyclase. Forskolin (50 /-LM) also induced 
a rapid increase in ISk amplitude in two oocytes (95% and 67%, 
respectively, within 35 min). 
The steroid hormone progesterone is the physiological trigger 
for meiotic maturation of Xenopus oocytes (reviewed in Maller, 
1985). It has been shown to cause a transient decrease in intra-
cellular cAMP levels (Cicirelli and Smith, 1985). We therefore 
studied the effect of 1 /-LM progesterone on the amplitude of I sk ' 
Consistent with its effects on cAMP levels, progesterone caused 
a decrease in ISk (Fig. IE). This effect began within 3 min and 
reached a maximum reduction of 43 ± 9% (n 6) 17-82 min 
after drug application. 
A change in the amplitude of a current may result from a shift 
in the voltage dependence of the channels or, in the case of a 
very slowly activating current, a change in the kinetics of acti-
vation. We therefore analyzed these parameters for the action 
of8-Br-cAMP on I sk ' Figure 2 shows plots of normalized current 
amplitude, measured at the end of a 1.5 sec command pulse, 
as a function of command potential. Due to the slow kinetics 
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Figure 1. Changes in cAMP levels alter the magnitude of I,k' All current 
traces are averages of five 1.5 sec pulses from - 50 to 50 m V. The pulses 
were delivered 15 sec apart to allow for complete deactivation of I sk ' 
A, Average traces before and 62 min after addition of I mM 8-Br-cAMP. 
B, Average traces before and 10 min after addition of I/LM progesterone. 
C. 8-Br-cAMP does not alter the endogenous currents of an uninjected 
oocyte. Average traces are before and 17 min after 1 mM 8-Br-cAMP. 
of I sk , such an isochronic plot could be sensitive to alterations 
in the activation kinetics. Nevertheless, there was no change in 
the voltage dependence following 8-Br-cAMP application. We 
also found no change in the reversal potential of the tail currents 
(-92 to -96 m V; n = 3; data not shown), indicating that there 
was no change in the selectivity of the current. Finally, we ob-
served no consistent change in Isk kinetics following any of the 
drug treatments. Thus, the effects of cAMP appeared to be strict-
ly confined to current amplitude. 
Effects on capacitance 
In addition to the changes in I,ks we also observed changes in 
the capacitance of the oocyte plas a membrane (Cm) in response 
to changes in cAMP levels. The membrane capacitance of Xen-
opus oocytes, which is a function of total surface area of the 
plasma membrane, is known to decrease in response to phorbol 
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0.0 I 
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Command Potential 
Figure 2. &Br-CAMP does not alter the voltage dependence of Irk. 
Currents were measured at the end of 1.5 set pulses to the voltages 
shown. The currents were normalized to the amplitude at 70 mV. The 
graph shows difference between before 8-Br-CAMP (squares) and after 
16-25 min in 1 mM 8-Br-CAMP (triangles). Each point is an average of 
three oocytes, each of which showed large increases in Zsk amplitude. 
Error bars represent SEs. 
esters and during meiotic maturation (Kado et al., 198 1; Vasilets 
et al., 1990). However, there have been no reports of rapid 
changes in C, in response to changes in CAMP levels. 
C, increased in response to S-Br-CAMP and decreased in 
response to progesterone. These changes were smaller than the 
changes in Zsk, but were temporally related. Figure 3 shows typ- 
ical time courses for both effects. While the overall increases 
and decreases were similar, they were not identical. Notice that 
during certain periods of time Z,, increased substantially while 
C,,, did not, and vice versa. Uninjected oocytes also underwent 
a capacitance increase in response to 8-Br-CAMP, indicating 
that this effect was not dependent upon the presence of Zst or 
the minK protein. Because a single drug treatment changed both 
the current and the capacitance, we analyzed whether the mag- 
nitude of the capacitance increase in a given oocyte could ac- 
count for the magnitude of the current increase. An analysis of 
the maximum relative current and capacitance increases among 
all of the oocytes treated with either 8-Br-CAMP or forskolin (n 
= 11) showed that the two effects were not significantly corre- 
lated (r = 0.57; p = 0.07). 
Role of PKA 
CAMP is known to influence the amplitude of ionic currents 
either by directly binding to the channel proteins or by activating 
PKA (Krebs and Beavo, 1979; DiFrancesco and Tortora, 199 1). 
To determine the role of PKA in the regulation of Zsk, we injected 
oocytes with a heat-stable kinase inhibitor (1.55 mg/ml, 50 
nl; II = 6; Walsh et al., 1971; Sadler and Maller, 1983). After 
allowing at least 2 hr for the protein to diffuse throughout the 
oocyte, we compared the effects of 8-Br-CAMP on inhibitor- 
injected and buffer-injected cells. Figure 4A shows a significant 
inhibition of the increase in Zsk amplitude in the inhibitor-in- 
jected oocytes. The small residual increase in Zsk was probably 
due to incomplete diffusion of the inhibitor protein, as it seemed 
to depend on the amount of time between injection and testing. 
We conclude that the changes in Zsr amplitude are due to changes 
in PKA activity. 
Protein kinase inhibitor injection appeared to attenuate the 
increase in C,, but the difference between inhibitor-injected and 
control oocytes was not highly significant (Fig. 4B). Because of 
the small size of the capacitance increase and the time-depen- 
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Figure 3. Time courses of the 8-Br-CAMP and progesterone effects. 
Typical time courses for the changes in Zsk (squares) and capacitance 
(triangzes) are shown. Tail currents were measured at -50 mV following 
a 1.5 set pulse to 50 mV. Drugs were added at time 0: A, 1 mM 8-Br- 
CAMP, B, 1 FM progesterone. 
dent variability of C, in some oocytes, we feel that this result 
does not rule out PKA as the cause of the capacitance changes. 
While conducting the inhibitor studies, we noticed that the 
baseline Zsk amplitude was reduced in the inhibitor-injected oo- 
cytes compared with the controls. In order to test further the 
action of PKA on baseline Zsr, we compared oocytes that had 
been injected with either inhibitor or buffer and allowed to 
incubate overnight (1 O-l 3 hr). These data are summarized in 
Table 1. Although this treatment has been seen by others to 
induce oocyte maturation (Sadler and Maller, 1983), we did not 
consistently observe this effect. However, injection of PKA in- 
hibitor caused a significant reduction in Zsk, C,, and current 
density (ZJC,) relative to oocytes injected with buffer alone. 
In contrast, there were no differences in the resting potentials 
or input resistances between the two groups. Interestingly, the 
magnitudes of the Z,, and C,,, decreases (44% and 1 l%, respec- 
tively) were similar to those seen following progesterone treat- 
ment. 
Specificity of action of CAMP 
The effects of CAMP changes on Irk are not due to nonspecific 
endocytosis and exocytosis of oocyte plasma membrane. To 
show this, we coexpressed Zst with the delayed rectifier K, 1, a 
mammalian member of the Shaker family (Swanson et al., 1990). 
K, 1, when expressed alone, was not affected by either proges- 
terone or 8-Br-CAMP (Fig. 5A,B). In coinjected oocytes, ZsL was 
selectively modulated by both progesterone and S-Br-CAMP 
(Fig. 5C,D). 
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Figure 2. 8-Br-cAMP does not alter the voltage depcndence of Isk' 
Currents were measured at the end of 1.5 sec pulses to the voltages 
shown. The currents were normalized to the amplitude at 70 mY. The 
graph shows difference between before 8-Br-cAMP (squares) and after 
16-25 min in 1 mM 8-Br-cAMP (triangles). Each point is an average of 
three oocytes, each of which showed large increases in Isk amplitude. 
Error bars represent SEs. 
esters and during meiotic maturation (Kado et aI., 1981; Vasilets 
et aI., 1990). However, there have been no reports of rapid 
changes in c'n in response to changes in cAMP levels. 
Cm increased in response to 8-Br-cAMP and decreased in 
response to progesterone. These changes were smaller than the 
changes in I sk , but were temporally related. Figure 3 shows typ-
ical time courses for both effects. While the overall increases 
and decreases were similar, they were not identical. Notice that 
during certain periods of time Isk increased substantially while 
Cm did not, and vice versa. Uninjected oocytes also underwent 
a capacitance increase in response to 8-Br-cAMP, indicating 
that this effect was not dependent upon the presence of Isk or 
the minK protein. Because a single drug treatment changed both 
the current and the capacitance, we analyzed whether the mag-
nitude of the capacitance increase in a given oocyte could ac-
count for the magnitude of the current increase. An analysis of 
the maximum relative current and capacitance increases among 
all of the oocytes treated with either 8-Br-cAMP or forskolin (n 
= 11) showed that the two effects were not significantly corre-
lated (r 0.57; p 0.07). 
RoleofPKA 
cAMP is known to influence the amplitude of ionic currents 
either by directly binding to the channel proteins or by activating 
PKA (Krebs and Beavo, 1979; DiFrancesco and Tortora, 1991). 
To determine the role ofPKA in the regulation of I sk , we injected 
oocytes with a heat-stable kinase inhibitor (1.55 mg/ml, 50 
nl; n = 6; Walsh et aI., 1971; Sadler and Maller, 1983). After 
allowing at least 2 hr for the protein to diffuse throughout the 
oocyte, we compared the effects of 8-Br-cAMP on inhibitor-
injected and buffer-injected cells. Figure 4A shows a significant 
inhibition of the increase in ISk amplitude in the inhibitor-in-
jected oocytes. The small residual increase in Isk was probably 
due to incomplete diffusion of the inhibitor protein, as it seemed 
to depend on the amount of time between injection and testing. 
We conclude that the changes in Isk amplitude are due to changes 
in PKA activity. 
Protein kinase inhibitor injection appeared to attenuate the 
increase in Cm, but the difference between inhibitor-injected and 
control oocytes was not highly significant (Fig. 4B). Because of 
the small size of the capacitance increase and the time-depen-
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Figure 3. Time courses of the 8-Br-cAMP and progesterone effects. 
Typical time courses for the changes in Isk (squares) and capacitance 
(triangles) are shown. Tail currents were measured at - 50 m V following 
a 1.5 sec pulse to 50 mY. Drugs were added at time 0: A, 1 mM 8-Br-
cAMP; E, 1 /-1M progesterone. 
dent variability of Cm in some oocytes, we feel that this result 
does not rule out PKA as the cause of the capacitance changes. 
While conducting the inhibitor studies, we noticed that the 
baseline ISk amplitude was reduced in the inhibitor-injected 00-
cytes compared with the controls. In order to test further the 
action of PKA on baseline I sk , we compared oocytes that had 
been injected with either inhibitor or buffer and allowed to 
incubate overnight (10-13 hr). These data are summarized in 
Table 1. Although this treatment has been seen by others to 
induce oocyte maturation (Sadler and Maller, 1983), we did not 
consistently observe this effect. However, injection ofPKA in-
hibitor caused a significant reduction in I,k' Cm, and current 
density (I,';Cm ) relative to oocytes injected with buffer alone. 
In contrast, there were no differences in the resting potentials 
or input resistances between the two groups. Interestingly, the 
magnitudes of the Isk and Cm decreases (44% and 11 %, respec-
tively) were similar to those seen following progesterone treat-
ment. 
Specificity of action of cAMP 
The effects of cAMP changes on I'k are not due to nonspecific 
endocytosis and exocytosis of oocyte plasma membrane. To 
show this, we coexpressed Isk with the delayed rectifier K" 1, a 
mammalian member of the Shaker family (Swanson et aI., 1990). 
K,I, when expressed alone, was not affected by either proges-
terone or 8-Br-cAMP (Fig. 5A,B). In coinjected oocytes, ISk was 
selectively modulated by both progesterone and 8-Br-cAMP 
(Fig. 5C,D). 
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Figure 4. Effect of PKA inhibitor injection on the changes in current 
and capacitance. Oocytes were injected with either the inhibitor of PKA 
(solidbars) or buffer (shadedbars). After 2-6 hr, the oocytes were voltage 
clamped and treated with 1 mM 8-Br-CAMP. Tail currents were mea- 
sured at -50 mV after a 1.5 set pulse to 50 mV. The graphs show the 
percentage increases in tail current (A) and capacitance (B) relative to 
the values immediately before addition of 8-Br-CAMP (n = 6 oocytes). 
Error bars represent SEs. Currents in inhibitor-injected oocytes in- 
creased significantly less than in controls, two-tailed t test: *p < 0.05, 
**p < 0.005. Injection of inhibitor did not significantly attenuate the 
capacitance increases: 0.15 > p > 0.10, one-tailed t test, for last two 
time points. 
Regulation of minK mutants 
One potential mechanism for the increases in Zsr after activation 
of PKA is direct phosphorylation of the minK channel protein. 
Although this protein does not contain a classical consensus ite 
for phosphorylation by PKA (R/K-R/K-X-S/T) (Krebs and 
Beavo, 1979) it does have one serine that is flanked by basic 
residues, a motif frequently found to be phosphorylated by pro- 
tein kinases. We examined site-directed mutants of the human 
minK protein in which this putative phosphorylation site was 
altered (Table 2) (Murai et al., 1989). Expression of these mu- 
tants results in currents with slightly altered kinetics and voltage 
dependence (data not shown). Nevertheless, the currents from 
all three mutants, as well as the wild-type human current, in- 
creased in response to 8-Br-CAMP (n = 2 for each) (Fig. 6). 
These increases were similar in magnitude and time course to 
the rat Zsk results. We conclude that the putative phosphorylation 
site is not necessary for modulation of IsI, by PKA. 
Discussion 
We have shown that changes in the level of intracellular CAMP 
produce changes in the magnitude of Zst expressed in Xenopus 
Table 1. Inhibition of PKA affects baseline I., and C,,, 
Oocvte 
Inhibitor- 
Property Buffer-injected injected 
Tail current (nA) 248 + 63 139 + 67** 
Capacitance (nP) 292 k 10 260 ? 12** 
Current density (nA/nP) 0.85 k 0.22 0.54 k 0.26* 
Resting potential (mv) -46 + 2 -41 + 6 
Input resistance (MQ) 0.9 + 0.2 1.1 + 0.4 
Data show properties of oocytes injected with either the PKA inhibitor (n = 7) 
or buffer (n = 9) and allowed to incubate overnight at 14°C. Values are given as 
average k SD. Inhibitor-injected differs from control, two-tailed t test: *p < 0.05, 
**p < 0.01. 
laevis oocytes. This modulation is due to changes in the activity 
of PKA. Treatments that increased PKA activity led to sub- 
stantial increases in Z,, amplitude, while inhibition of the kinase 
caused the current to decrease. Modulation occurred over a 
relatively slow time course, tens of minutes, although a similar 
time course has been reported for modulation by forskolin of a 
heart calcium current expressed in oocytes (Dascal et al., 1986). 
The voltage dependence, ionic selectivity, and kinetics of ZsL 
were unaffected by manipulation of CAMP. We also found that, 
in addition to its effects on currents, changing the activity of 
PKA altered cell capacitance, a sensitive measure of membrane 
surface area. Activation of the kinase caused a net addition of 
membrane to the surface of the oocyte, while inhibition of the 
kinase led to a net endocytosis. 
There are two general mechanisms for the modulation of ion 
channels that may bring about an increase in current amplitude. 
The first is modification of channels that are already in the 
plasma membrane. The second is a change in the number of 
channels physically present in the membrane. Although our data 
do not definitely distinguish between the two alternatives, they 
are generally more consistent with the second possibility. 
For the first mechanism, the minK protein would have to 
exist in two states-active and inactive-which could be inter- 
converted through the action of PKA. Since CAMP does not 
alter kinetics or voltage dependence, the inactive state would 
have to be completely silent, making this scheme different from 
another two-state model of channel modulation, the “willing/ 
reluctant” model for the modulation of calcium channels by 
norepinephrine in dorsal root ganglion neurons (Bean, 1989). 
As stated earlier, there are no PKA consensus phosphorylation 
sites on the minK protein, and we have shown that deletion of 
the only likely phosphorylation site did not eliminate the PKA 
effect. Therefore, the conversion of minK from the inactive to 
the active conformation would have to involve either phos- 
Table 2. Amino acid sequences of the human minK mutants 
Protein Sequence 
Wild type -Ile-Arg-Ser-Lys-Lys- 
Mutant 1 -Ile-Arg-Ala-Lys-Lys 
Mutant 2 -Ile-Gln-Ser-Lys-Lys 
Mutant 3 -Ile-ArgSer-Cln-Gln- 
This sequence lies in the proposed cytoplasmic domain of the protein between 
residues 66 and 70 (Murai et al., 1989). 
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Figure 4. Effect of PKA inhibitor injection on the changes in current 
and capacitance. Oocytes were injected with either the inhibitor ofPKA 
(solid bars) or buffer (shaded bars). After 2-6 hr, the oocytes were voltage 
clamped and treated with 1 mM 8-Br-cAMP. Tail currents were mea-
sured at -50 mY after a 1.5 sec pulse to 50 mY. The graphs show the 
percentage increases in tail current (A) and capacitance (B) relative to 
the values immediately before addition of 8-Br-cAMP (n = 60ocytes). 
Error bars represent SEs. Currents in inhibitor-injected oocytes in-
creased significantly less than in controls, two-tailed t test: *p < 0.05, 
**p < 0.005. Injection of inhibitor did not significantly attenuate the 
capacitance increases: 0.15 > p > 0.10, one-tailed t test, for last two 
time points. 
Regulation of minK mutants 
One potential mechanism for the increases in l'k after activation 
ofPKA is direct phosphorylation of the minK channel protein. 
Although this protein does not contain a classical consensus site 
for phosphorylation by PKA (R/K-R/K-X-S/T) (Krebs and 
Beavo, 1979), it does have one serine that is flanked by basic 
residues, a motiffrequently found to be phosphorylated by pro-
tein kinases. We examined site-directed mutants of the human 
minK protein in which this putative phosphorylation site was 
altered (Table 2) (Murai et aI., 1989). Expression of these mu-
tants results in currents with slightly altered kinetics and voltage 
dependence (data not shown). Nevertheless, the currents from 
all three mutants, as well as the wild-type human current, in-
creased in response to 8-Br-cAMP (n = 2 for each) (Fig. 6). 
These increases were similar in magnitude and time course to 
the rat l'k results. We conclude that the putative phosphorylation 
site is not necessary for modulation of l'k by PKA. 
Discussion 
We have shown that changes in the level of intracellular cAMP 
produce changes in the magnitude of 15k expressed in Xenopus 
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relatively slow ti e course, tens of minutes, although a similar 
time course has been reported for modulation by forskolin of a 
heart calciu  current expressed in oocytes ( ascal et al., 1986). 
The voltage dependence, ionic selectivity, and kinetics of Isk 
were unaffected by manipulation of cA P. e also found that, 
in addition to its effects on currents, changing the activity of 
PKA altered cell capacitance, a sensitive measure of membrane 
surface area. Activation of the kinase caused a net addition of 
membrane to the surface of the oocyte, while inhibition ofthe 
kinase led to a net endocytosis. 
There are two general mechanisms for the modulation of ion 
channels that may bring about an increase in current amplitude. 
The first is modification of channels that are already in the 
plasma membrane. The second is a change in the number of 
channels physically present in the membrane. Although our data 
do not definitely distinguish between the two alternatives, they 
are generally more consistent with the second possibility. 
For the first mechanism, the minK protein would have to 
exist in two states-active and inactive-which could be inter-
converted through the action of PKA. Since cAMP does not 
alter kinetics or voltage dependence, the inactive state would 
have to be completely silent, making this scheme different from 
another two-state model of channel modulation, the "willing! 
reluctant" model for the modulation of calcium channels by 
norepinephrine in dorsal root ganglion neurons (Bean, 1989). 
As stated earlier, there are no PKA consensus phosphorylation 
sites on the minK protein, and we have shown that deletion of 
the only likely phosphorylation site did not eliminate the PKA 
effect. Therefore, the conversion of minK from the inactive to 
the active conformation would have to involve either phos-
Table 2. Amino acid sequences of the human minK mutants 
Protein 
Wild type 
Mutant 1 
Mutant 2 
Mutant 3 
Sequence 
-Ile-Arg-Ser-Lys-Lys-
-Ile-Arg-AIa-Lys-Lys-
-Ile-Gln-Ser-Lys-Lys-
-Ile-Arg-Ser-Gln-Gln-
This s quence lies in the proposed cytoplasmic domain of the protein between 
residues 66 and 70 (Murai et aI., 1989). 
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Figure 5. Changes in CAMP levels do 
not affect the delayed rectifier Kl. A 
and B, Oocytes expressing K,l alone. 
Traces were taken before and 13 min 
after 8-BrcAMP (A) and before and 24 
min after progesterone (B). The pulse 
protocol was as in Figure 1, except that 
the holding potential was -80 mV. C 
and D, Oocytes coexpressing K,,l and 
I,,. On this time scale, the current at 
the beginning of the pulse represents 
only K, 1 while the tail currents are only 
Zsk. Traces were taken before and 29 
min after 8-Br-CAMP (c) and before 
and 58 min after progesterone (D). The 
pulse protocol was as in Figure 1. 
** 
phorylation of minK by PKA at an “inhospitable” site, phos- 
phorylation of minK by some other kinase, possibly due to the 
activation of a cascade of kinases, or phosphorylation of an 
associated endogenous oocyte protein. 
The second possible mechanism for modulation of ZSr is a 
change in the amount of minK protein on the surface of the 
oocyte. In this scheme, changes in PICA activity would alter the 
kinetics of membrane trafficking to and from the surface of the 
oocyte. A number of assumptions are necessary for this hy- 
pothesis to explain the data. First, the effect of PKA on mem- 
brane insertion would have to be specific to membranes con- 
taining the minK protein and/or any regulatory proteins for this 
Figure 6. Alteration of a putative 
phosphorylation site does not eliminate 
the CAMP effect. A, The wild-type hu- 
man Z,, responds to 8-Br-CAMP in the 
same way as rat Z,. The pulse protocol 
was the same as in Figure 1. Traces were 
taken before and 9 min after drug ad- 
dition. B-D, Pulses as above except that 
the command pulse was to 90 mV to 
compensate for the altered voltage de- 
pendence ofthe mutants. Currents were 
measured before and within 10-l 5 min 
after addition of 8-Br-CAMP. B, mutant 
1; C, mutant 2; D, mutant 3. See Table 
2 for further details. 
channel. For example, the amplitude of the delayed rectifier K 1 
did not change along with the capacitance. Furthermore, the 
changes in Zsk amplitude were always much larger than the changes 
in capacitance. Therefore, we would have to assume a specific 
population of vesicles, to which the minK protein is targeted, 
whose transport is regulated by PKA activity. There is evidence 
that such specific membrane trafficking exists in the oocyte. 
Progesterone has been shown to cause the rapid formation of 
large numbers of coated vesicles, apparently containing the pro- 
gesterone receptors (Dersch et al., 1991). This observation is 
consistent with our observations of progesterone’s effects on 
capacitance. Also, activation of protein kinase C causes a re- 
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min after 8-Br-cAMP (C) and before J and 58 min after progesterone (D). The pulse protocol was as in Figure I. 
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phorylation of minK by some other kinase, possibly due to the 
activation of a cascade of kinases, or phosphorylation of an 
associated endogenous oocyte protein. 
The second possible mechanism for modulation of ISk is a 
change in the amount of minK protein on the surface of the 
oocyte. In this scheme, changes in PKA activity would alter the 
kinetics of membrane trafficking to and from the surface of the 
oocyte. A number of assumptions are necessary for this hy-
pothesis to explain the data. First, the effect of PKA on mem-
brane insertion would have to be specific to membranes con-
taining the minK protein and/or any regulatory proteins for this 
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changes in Isk amplitude were always much larger than the changes 
in capacitance. Therefore, we would have to assume a specific 
population of vesicles, to which the minK protein is targeted, 
whose transport is regulated by PKA activity. There is evidence 
that such specific membrane trafficking exists in the oocyte. 
Progesterone has been shown to cause the rapid formation of 
large numbers of coated vesicles, apparently containing the pro-
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duction in the surface area of Xenopus oocytes that is associated 
with the selective endocytosis of the Na+/K+-ATPase (Vasilets 
et al., 1990). Finally, a subset of ion channels is selectively 
removed from the membrane during the maturation of starfish 
oocytes (Moody and Bosma, 1985). 
One potential problem with this second mechanism is the 
weak correlation between total changes in IsI, and C,,, in different 
oocytes. It must be emphasized, however, that very few oocytes 
had absolutely stable baseline capacitances. It was far more 
common for the capacitance to vary with time, making calcu- 
lations of capacitance changes inexact. The weak correlation 
could also be explained by assuming that the capacitance in- 
crease is due to the exocytosis of different classes of vesicles, of 
which only a specific subset contains the minK protein. The 
second, addition/subtraction mechanism more convincingly ex- 
plains the lack of changes in the kinetics and voltage dependence 
following activation of PKA as well as the relatively slow time 
course of the changes in current. It is also consistent with the 
known ability of the oocyte to remove some proteins selectively 
from its surface. 
Although the physiological role of the minK channel is not 
yet understood, there is evidence that CAMP-induced insertion 
and removal of plasma membrane containing ion channels oc- 
curs in the kidney, one of the tissues in which the minK protein 
is found (Sugimoto et al., 1990). In the principal cells of the 
collecting duct, vasopressin, which causes increases in CAMP, 
stimulates the delivery of water channels to the apical membrane 
(for review, see Brown, 1989). Moreover, parathyroid hormone, 
which elevates CAMP levels in cultured distal tubule epithelia, 
causes the appearance of L-type calcium channels in the cell 
membrane (Bacskai and Friedman, 1990). This process is de- 
pendent on a functional exocytotic apparatus. 
The minK gene is also expressed in cardiac muscle (Folander 
et al., 1990). An examination of the potassium currents found 
in the heart suggests a possible role for Z,,. The delayed rectifier 
of guinea pig ventricular myocytes is composed of different 
potassium currents, the largest and slowest of which, I,,, has 
kinetics and voltage dependence similar to that of Irk (Sangui- 
netti and Jurkiewicz, 1990). In addition, this current increases 
in response to activation of PKA (Bennett et al., 1986; Sangui- 
netti et al., 199 1). Walsh and Kass (1988) have shown that 
although PKA activation increases both the calcium current and 
the delayed rectifier, the two currents seem to increase by dif- 
ferent mechanisms. The change in the delayed rectifier is highly 
temperature dependent, while modulation of Zca is not. It is 
interesting to speculate that the modulation of this I,,-like po- 
tassium current might be due to exocytosis of a specific popu- 
lation of vesicles. Insertion and removal of channels could prove 
to be a widespread mechanism for cell-type-specific modulation 
of ionic currents. 
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 rr lation t n t t l ges i  ISk  em i  iffere t 
. t si ed,    
 s l t l  st l  seli e cit nces. It s f r r  
 f r t  it  t  ary ith ti e, i  l -
l tio  f it  es i t.   rr l ti  
l  l   l i   uming t t t  it e i -
crease is due to the exocytosis of different classes of vesicles, of 
hich only a specific subset contains the in  protein. he 
second, addition/subtraction echanis  ore convincingly ex-
plains the lack of changes in the kinetics and voltage dependence 
follo ing activation of P  as ell as the relatively slo  ti e 
course of the changes in current. It is also consistent ith the 
known ability of the oocyte to re ove so e proteins selectively 
fro  its surface. 
Although the physiological role of the inK channel is not 
yet understood, there is evidence that cAMP-induced insertion 
and removal of plasma membrane containing ion channels oc-
curs in the kidney, one of the tissues in which the minK protein 
is found (Sugimoto et aL, 1990). In the principal cells of the 
collecting duct, vasopressin, which causes increases in cAMP, 
stimulates the delivery of water channels to the apical membrane 
(for review, see Brown, 1989). Moreover, parathyroid hormone, 
which elevates cAMP levels in cultured distal tubule epithelia, 
causes the appearance of L-type calcium channels in the cell 
membrane (Bacskai and Friedman, 1990). This process is de-
pendent on a functional exocytotic apparatus. 
The minK gene is also expressed in cardiac muscle (Folander 
et aL, 1990). An examination of the potassium currents found 
in the heart suggests a possible role for Isk ' The delayed rectifier 
of guinea pig ventricular myocytes is composed of different 
potassium currents, the largest and slowest of which, I Ks , has 
kinetics and voltage dependence similar to that of ISk (Sangui-
netti and Jurkiewicz, 1990). In addition, this current increases 
in response to activation of PKA (Bennett et aI., 1986; Sangui-
netti et aI., 1991). Walsh and Kass (1988) have shown that 
although PKA activation increases both the calcium current and 
the delayed rectifier, the two currents seem to increase by dif-
ferent mechanisms. The change in the delayed rectifier is highly 
temperature dependent, while modulation of 10, is not. It is 
interesting to speculate that the modulation of this ISk-like po-
tassium current might be due to exocytosis of a specific popu-
lation of vesicles. Insertion and removal of channels could prove 
to be a widespread mechanism for cell-type-specific modulation 
of ionic currents. 
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